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Mass spectrometry (MS) and ion mobility with electrospray ionization (ESI) have the
capability to measure and detect large noncovalent protein-ligand and protein-protein
complexes. Using an ion mobility method of gas-phase electrophoretic mobility molecular
analysis (GEMMA), protein particles representing a range of sizes can be separated by their
electrophoretic mobility in air. Highly charged particles produced from a protein complex
solution using electrospray can be manipulated to produce singly charged ions, which can be
separated and quantified by their electrophoretic mobility. Results from ESI-GEMMA analysis
from our laboratory and others were compared with other experimental and theoretically
determined parameters, such as molecular mass and cryoelectron microscopy and X-ray
crystal structure dimensions. There is a strong correlation between the electrophoretic mobility
diameter determined from GEMMA analysis and the molecular mass for protein complexes up
to 12 MDa, including the 93 kDa enolase dimer, the 480 kDa ferritin 24-mer complex, the 4.6
MDa cowpea chlorotic mottle virus (CCMV), and the 9 MDa MVP-vault assembly. ESI-
GEMMA is used to differentiate a number of similarly sized vault complexes that are
composed of different N-terminal protein tags on the MVP subunit. The average effective
density of the proteins and protein complexes studied was 0.6 g/cm3. Moreover, there is
evidence that proteins and protein complexes collapse or become more compact in the gas
phase in the absence of water. (J Am Soc Mass Spectrom 2007, 18, 1206–1216) © 2007
American Society for Mass SpectrometryCurrent research using electrospray ionization(ESI) coupled to mass spectrometry (MS) andion mobility spectrometry (IMS) has demon-
strated the ability of these inherently gas-phase tech-
niques to provide details about the structures of large
macromolecules [1–4]. Protein function determination
is critical for the identification of potential drug targets,
an understanding of diseases, and for the elucidation of
biochemical pathways; structural studies aid in this
assessment of protein function [1, 3, 5]. However,
high-resolution structural analysis techniques such as
NMR and X-ray crystallography are limited by the size
of the protein and its purity and large sample quantity
requirements; advantages of mass spectrometry and ion
mobility include high sensitivity and low sample con-
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doi:10.1016/j.jasms.2007.02.015sumption [6]. As soft ionization techniques, electros-
pray ionization (ESI) along with matrix-assisted laser
desorption ionization (MALDI) revolutionized protein
mass spectrometry. Moreover, ESI-MS and ESI-IMS can
be used to observe intact, weakly bound noncovalent
protein complexes. Data from these studies have been
used to measure the stoichiometry of binding partners
in biological complexes [6, 7].
MS and IMS are complementary methods, as both
provide information on the relative molecular mass of
large proteins [8–10]. However, for very large proteins
or protein complexes and for mixtures, the multiply
charged molecules produced from the ESI process can
lead to difficulties in the interpretation of MS/IMS
spectra. To overcome this limitation, charge reduction
to singly charged molecules can simplify the spectra
obtained by ESI-MS/IMS for large macromolecules
[8–12]. The utility of charge reduction for the study of
supramolecular complexes has been demonstrated
through the use of ESI-GEMMA (gas-phase electro-
phoretic mobility molecular analyzer) for such applica-
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GEMMA apparatus, the protein solution is sprayed into
a mist of highly charged droplets, which are then
charge-reduced by a bipolar neutralizer. Most of the
particles are reduced to neutral charge, but a fraction of
the particles possess a single charge. A differential
mobility analyzer (DMA) separates the particles based
on their electrophoretic mobility in air. Charged parti-
cles are detected by a condensation particle counter.
The resulting GEMMA spectrum shows the concentra-
tion of charged particles as a function of their calculated
electrophoretic mobility diameters (EMD) [8–11].
A distinguishing feature of ESI-IMS (GEMMA) from
ESI-MS is the capability to provide molecular “size”
information [13]. Although both methods allow the
relative molecular mass to be derived, GEMMA does so
through its measurement of EMD [8, 10]. ESI-GEMMA
studies of primarily globular proteins have shown a
correlation between electrophoretic diameter and rela-
tive molecular mass for proteins and protein complexes
ranging from 3 kDa to 2 MDa and measuring 2.6 to
21.7 nm in EMD [8]. Highlighting the role of water in
supramolecular complexes and the potential of ESI-
GEMMA as a structural elucidation tool, Thomas et al.
showed that the measured electrophoretic mobility for
selected viruses were within 15% of the diameters
measured by X-ray crystallographic studies [13]. Fur-
thermore, studies using other ESI-IMS techniques have
shown agreement between X-ray crystal structure and
gas-phase structure dimensions for both globular pro-
teins and large protein complexes. The Robinson labo-
ratory has demonstrated that the TRAP protein com-
plex measured by an ion mobility/mass spectrometry
hybrid instrument was consistent with X-ray crystal
structure determined dimensions [4]. Clemmer and
coworkers have shown that the lower ESI-generated
charged state ions of ubiquitin were also consistent with
X-ray crystal structure determined dimensions [14].
This agreement between IMS determined and X-ray
crystal structure determined dimensions was also ob-
served for cytochrome c and BPTI by Jarrold and
coworkers [15].
We are interested in exploiting the potential for
using ESI-GEMMA to provide information on not only
the general size dimensions of proteins, but also the
protein molecule’s physical transition from the solution
phase to the gas phase. Important to the interpretation
and analysis of ESI-MS and ESI-IMS data is the identi-
fication of the structural features of the gas-phase proteins
and protein complexes that reflect their solution-phase
counterparts. As a result of solvent evaporation and
removal from the protein’s solvation sphere and its
interior core, is there an accompanying change in the
relative structure of the protein? Do protein structures
collapse upon transitioning to the gas phase, and is this
collapse measurable by GEMMA methods?
To address these questions, we present the results of
our ESI-GEMMA analyses for a variety of proteins in
the context of crystal and solution structure predicteddimensions. One of the proteins that is featured is the
vault, the largest known ribonucleoprotein cellular par-
ticle of 13 MDa in mass [16–18]. The native vault
complex is composed of a short sequence of untrans-
lated RNA and three different protein components: 97
kDa MVP (major vault protein), 240 kDa TEP1, and 193
kDa VPARP [16, 18]. These hollow, ellipsoidal com-
plexes are proposed to be involved in nuclear cytoplas-
mic transport [18], and they have been implicated in
multidrug resistance and as a prognostic marker for
cancer chemotherapy failure [18, 19]. However, the
precise function of these ribonucleoprotein complexes
remains unknown. Recently published experiments us-
ing ESI-GEMMA contributed to the determination that
vaults could incorporate other proteins into their inte-
rior after formation of an MVP-only outer shell [20].
Further research on the relationship between the gas-
phase and solution-phase structures of proteins and
protein complexes will aid in our ongoing research on
vault structure and function. Given their multi-MDa
size, nonspherical shape, and hollow nature, vaults
have been measured to examine specific characteristics
of gas-phase macromolecular structures and to demon-
strate the applicability of the GEMMA method to the
study of large protein complexes.
Experimental
Materials
Yeast enolase was purchased from Sigma Chemical (St.
Louis, MO) and the equine ferritin proteins were ob-
tained from Calbiochem (San Diego, CA). CCMV was
provided kindly by Dr. Laurence Lavelle, UCLA De-
partment of Chemistry and Biochemistry. The Archaeo-
globus fulgidus ferritin was provided by Dr. Imke Schroe-
der, UCLA Department of Microbiology, Immunology,
and Molecular Genetics. Vaults were prepared as de-
scribed previously [20].
Gas-Phase Electrophoretic Mobility
Molecular Analyzer
The details of the GEMMA instrumentation and
method for measuring protein size have been described
elsewhere [8, 10, 11]. The GEMMA instrument (TSI Inc.,
St. Paul, MN) consists of an ESI unit with a neutralizing
chamber, a nano differential mobility analyzer (DMA),
and a condensation particle counter (CPC). The ESI unit
and DMA operate at atmospheric pressure and at room
temperature. The CPC operates at atmospheric pressure
and at the temperatures described below.
One end of a fused silica capillary tube (polyimide
coated, 25 cm long, 25 m i.d. and 150 m o.d.) is
immersed in the sample protein solution. The other end
of the capillary is located within the electrospray cham-
ber and displays a tip ground to a conical shape. Liquid
is introduced and aspirated through the capillary into
the electrospray chamber by reducing the pressure
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via the ESI source at a flow rate of 70 nL/min. A thin Pt
electrode is dipped in the protein solution and is
connected to the positive side of the electrospray volt-
age supply. The shape of the emerging droplet was
observed visually and controlled by adjusting the elec-
trospray voltage; ESI was operated in the “cone-jet
mode”. The typical electrospray voltage ranged from
1.5 to 2.5 kV with currents ranging from 200 to 300 nA.
Air and CO2 surround the spray tip entering the elec-
trospray chamber at 1 to 2 L/min and 0.1 L/min,
respectively. Carbon dioxide is used to stabilize the
electrospray against corona discharge.
The multiply charged aerosol droplets formed are
swept into the neutralizing chamber by air and CO2
flow. The gases present inside the neutralizing chamber
are ionized by a 210Po -radiation source (5 mCi, model
P-2042 Nucleospot local air ionizer; NRD, Grand Island,
NY). Charge reduction occurs from the interaction of
the multiply charged particles with ionized primary gas
ions. Evaporation and this neutralization process pro-
duce predominantly neutral macromolecular particles
with a small fraction of the particles possessing a single
(or more) positive or negative charge.
Protein particles enter the DMA and are separated by
their electrophoretic mobility in air at atmospheric
pressure. This occurs in the presence of an applied
radial electric field orthogonal to a laminar flow of
sheath air. The electric field is created by the potential
difference between the central electrode rod connected to
a negative power supply and the electrically grounded
outer cylindrical electrode. The aerosol from the ESI unit
enters the DMA through a slit in the outer electrode. The
coaxial flow of filtered sheath air is set at 15–20 L/min.
Negatively charged particles are repelled by the inner
electrode, while neutral particles exit the DMA with the
excess air. Positively charged particles are carried by the
sheath flow and are attracted to the center electrode.
Only positively charged particles with the correct tra-
jectory as determined by their electrophoretic mobility
exit the center electrode en route to the CPC. A narrow
range of electrophoretic mobilities is selected by con-
trolling the voltage difference between the two elec-
trodes. For a given applied voltage to the center collec-
tor rod, the mobility of particles is calculated from the
geometry of the coaxial chamber and the recirculating
flow rate using the algorithm of Knutson and Whitby
[21, 22].
Electrical mobility, ZEM, measures a particle’s ability
to move in an electrical field. Consider a particle with n
electric charges that experiences an electrical force, E.
The particle will move through the gas in which it is
suspended until it quickly reaches its terminal velocity,
v. The EMD of the particle, its Millikan diameter, DEM,
is defined as the diameter of a singly charged sphere
with the same electrophoretic mobility as the particle
[23, 24],ZEMneC ⁄ 3DEM (1)
where e is elementary charge, and C is the Cunningham
correction factor. The Cunningham correction factor is
always greater than 1 and accounts for molecular slip
for particles less than 1 m. Molecular slip occurs when
the size of the particle approaches the mean free path of
the gas and the Stokes drag force is reduced [23]. The
equation then used by the software to relate electro-
phoretic mobility to DEM is represented by eq 2 [7, 23].
ZEM(DEM) (e ⁄ 3DEM){1 (2 ⁄ DEM)(1.142
 0.558 exp(0.999 DEM ⁄ 2)} (2)
(The gas viscosity, , is 1.8203  105 kg/m/s and the
molecular mean free path, , is 66.5 nm at operating
pressure.)
From the DMA, the selected macromolecular parti-
cles enter the CPC for detection and counting. The
monomobile particles are injected into a flow of satu-
rated n-butanol vapor at 37 °C. Cooling to 10 °C pro-
duces a well-defined supersaturation which leads to the
n-butanol vapor condensing on the particles to form
droplets. These droplets are detected and counted indi-
vidually by light scattering.
The DMA voltage is scanned and data recorded by
Aerosol Instrument Manager Software (TSI Inc.). The
scanning algorithm of Wang and Flagan [25] allows for
rapid data collection with the exponential increase of
the applied voltage to the DMA center rod. In a typical
experiment run, the DMA voltage is scanned for 135 s
(120 s for increasing voltage and 15 s for the return) to
sample the diameter range of 2 to 56 nm. The spectra
displayed in the figures are particle counts versus EMD
in their “uncorrected form”. The software corrects for a
small fraction of multiply-charged particles assuming
the bipolar charge distribution of Fuchs [26] as calcu-
lated by Wiedensohler’s formula [27]. This charging
probability is used to infer the total particle concentra-
tion from the measured charged-particle concentration.
In addition, compensations are made for the fall-off in
efficiency at the bottom of the size range. The corrected
spectrum shows aerosol concentration versus EMD.
The EMD listed for each protein or protein complex is
the centroid of the corrected peak of interest as calcu-
lated by Peak Fit (version 4.12, Systat Software, San
Jose, CA). A smoothing algorithm was applied to the
spectra shown using Igor Pro (version 4.08, Wave
Metrics, Lake Oswego, OR).
ESI-MS
Electrospray ionization mass spectra were acquired
with a QqTOF mass spectrometer (QSTAR Pulsar XL;
Applied Biosystems/SCIEX, Concord, ON, Canada). A
nanoESI source (Proxeon glass capillaries; Odense, Den-
mark) operating at low analyte flow conditions (50
nL/min) was used with the QqTOF instrument. A metal
sleeve used to restrict pumping in the initial region of
1209J Am Soc Mass Spectrom 2007, 18, 1206–1216 ESI-MS AND ION MOBILITY OF LARGE PROTEIN COMPLEXESthe Q0-focusing quadrupole was used to allow for
improved trapping and transmission of the noncovalent
complexes [3]. The protein complexes were dissolved
and desalted in 10 mM ammonium acetate, pH 7.
Protein solutions (1 to 10 pmol/L) were prepared in
nondenaturing (10 mM ammonium acetate, pH 6.8)
conditions.
Results and Discussion
General Correlation Between EMD
and Molecular Weight
The electrophoretic mobility diameter (EMD), the Mil-
likan diameter, is defined as the diameter of a singly
charged sphere with the same electrophoretic mobility
as the particle [24]. Using a spherical model for the
particles, the volume of this protein particle (VEMD) can
be calculated by eq 3 [7].
VEMD ( ⁄ 6)(EMD
3) (3)
The effective density of the particles () can then be
calculated as the molecular weight (MW) divided by this
calculated volume, VEMD, and Avogadro’s number, No [7].
(Unlike MW, the values of EMD and VEMD are based on
individual particles rather than a molar quantity.)
MW ⁄ (No)(VEMD)MW ⁄ (No)( ⁄ 6)(EMD
3) (4)
Figure 1 shows a plot of the MW versus electrophoretic
mobility diameters (DEM) for a range of macromolecules
measured by ESI-GEMMA by the Allmaier group [8]
and by our laboratory. (See Supplemental Materials for
tabular listing of the proteins depicted in Figure 1,
which can be found in the electronic version of this
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Figure 1. Correlation between electrophoretic mobility mea-
sured by ESI-GEMMA and molecular weight for a range of
different sized proteins and noncovalent protein complexes. The
inset figure shows the linear relationship between the volume of
the spherical protein particle calculated from the EMD and the
protein molecular weight.article.) Based on the expected relationship between
DEM and MW for approximately spherical particles, a
power function, y  aox
1 was chosen for the curve fit
analysis. Given eq 4, it is predicted that a2  3 to
describe the trend for MW and DEM for approximately
spherical particles. The coefficients for the resulting best
fit equation are a0  750  140 and a1  2.6  0.1.
From eq 4, the average effective density (	) for the
protein and protein complexes shown in Figure 1 was
0.58  0.05 g/cm3. The inset of Figure 1 shows a plot for
the MW versus the VEMD for the proteins measured by
ESI-GEMMA. Given eq 3, the MW per particle was
graphed versus VEMD. For a series of spherical protein
particles that display similar compactness, there is a
linear relationship between molecular weight and vol-
ume [7, 28]. Thus, there is a general correlation between
the EM diameter and the molecular weight for the
proteins and protein complexes studied by our labora-
tory and that of Bacher et al. [8] (Figure 1). Ranging in
molecular weight from 3 kDa to 12 MDa, this dataset
included monomers and multisubunit complexes, gly-
copeptides, ribonucleoproteins, globular proteins, and
particles of different shapes in solution.
Based on the size range of protein and protein
complexes studied by GEMMA measured by our labo-
ratory and by others [3, 29], the sensitivity of the
GEMMA system for studying large protein complexes
(i.e., 500 kDa) is superior to that of other IMS and MS
instruments. On the other hand, the resolving power of
GEMMA is relatively low. In previously published
reports, the resolution of GEMMA measurements has
been compared with that of size exclusion chromatog-
raphy [10] with the highest observed resolving power of
7 [3, 8–10, 29]. Based on the FWHM of the protein
standards utilized in these experiments, resolving
power of the GEMMA is at best 18. However, improved
resolution may be attained through the use of other
DMA models with potential resolving power greater
than 100 [9].
Protein Complexes Remain Intact Upon Drying,
and Charge Reduction and Their Solution-Phase
Behavior are Reflected in the Gas Phase
Using ESI-GEMMA for a number of protein complexes
ranging in size between 20 kDa to the mega-Dalton
range, the majority of the experimental observations
indicate a high degree of correlation in the sizes of
the gas-phase protein aggregate/complexes between
the gas-phase measurement and the known solution-
phase structure. For example, the functional form of
enolase from yeast is a dimer of two identical 47 kDa
subunits. The X-ray crystallographic structure is shown
in Figure 2a. The monomer is egg-shaped with dimen-
sions of 60 Å  55 Å  45 Å [30, 31]. Figure 2b shows
the GEMMA spectrum of enolase at pH 7.4. The pri-
mary peak in the spectrum shows an EMD for the
enolase dimer at 8.40 nm, with minor contributions for
the co
1210 KADDIS ET AL. J Am Soc Mass Spectrom 2007, 18, 1206–1216the monomer (6.58 nm), trimer (9.43 nm), and tetramer
(10.45 nm). The ESI (QqTOF) mass spectrum of enolase
(Figure 3) shows an abundant series of peaks for the
multiply charged dimer, in addition to smaller contri-
butions for the monomer and tetramer. At higher m/z, a
low abundant series of peaks for lower charged mono-
mers results from dissociation of the gas-phase protein
dimer.
The area of the contact interface between the two
subunits is relatively small (13%) [30–32], yet the eno-
lase dimer remains intact and is the predominant spe-
cies in the GEMMA spectrum. The two enolase mono-
mers interact in solution primarily through hydrogen
bonding and salt bridges. Compared with hydrophobic
interactions, electrostatic interactions are expected to be
strengthened in the gas phase upon the removal of
water [33, 34]. Despite the small area of interaction, the
protein dimer remains intact. Because of the charge
neutralization process employed by GEMMA [12], dis-
sociation of the gas-phase singly-charged protein com-
plex is less prevalent than the higher charged molecules
measured by ESI-MS.
Larger protein complexes behave similarly upon
charge reduction as measured by GEMMA. Ferritins are
protein complexes that store and detoxify iron. Eukary-
otic apoferritin particles are roughly spherical, hollow
protein shells with an o.d. of 12.0 nm and an i.d. of
8.0 nm [35]. The central cavity of the ferritin complex
can sequester up to 4500 Fe(III) atoms in the form of a
hydrous ferric oxide (5Fe2O4 · 3.9H2O) nanoparticle. As
shown by the crystal structure (Figure 4d), equine
spleen ferritin is composed of 24 subunits that individ-
ually fold into four helix bundles and which together
form a complex displaying octahedral (4-3-2) symmetry
[35]. With a monomer molecular weight of 20 kDa, the
molecular weight of the equine spleen apoferritin com-
plex is 480 kDa.
Figure 2. The 3-D structure of the yeast enolase
enolase, showing an EMD consistent for the in
figure was created using WebLab Viewer withFigure 4a shows a typical GEMMA spectrum forequine holoferritin. The major peak at 13.2 nm repre-
sents the singly charged 24 subunit ferritin complex.
The dimer of the native tetraeicosamer complex (48M)
is represented by the 17.8 nm peak. Figure 4b shows the
GEMMA spectrum for equine apoferritin. The 24-mer is
represented by the major peak at 12.9 nm and is slightly
smaller than that for the holoprotein complex. The
dimer of the native apo-tetraeicosamer complex is rep-
resented by the 16.9 nm peak. The spectrum for apof-
erritin shows also a broad peak indicative of higher
order complexes greater than an EMD of 20 nm (1
MDa). This is consistent with that known from solution-
phase data, as apoferritin displays a higher ratio of
48-mers and higher order oligomers compared with
holoferritin.
There is high structural similarity between the mono-
mers from equine ferritin and archaea Archaeoglobus
ein dimer (a) and the ESI-GEMMA spectrum of
noncovalent dimer complex (b). The structure
ordinates from the Protein Data Bank (3ENL).
Figure 3. ESI-QqTOF mass spectrum of yeast enolase (pH 6.8).
The peaks labeled with the open circles, filled circles, and the filled
diamonds represent the protein monomer, protein dimer complex,prot
tactand the protein tetramer, respectively.
1211J Am Soc Mass Spectrom 2007, 18, 1206–1216 ESI-MS AND ION MOBILITY OF LARGE PROTEIN COMPLEXESfulgidus ferritin (Figure 4f) [36]. Although A. fulgidus is
also a tetraeicosameric complex, the quaternary struc-
ture is unique among ferritins from prokaryotes and
eukaryotes. The A. fulgidus apoferritin displays tetrahe-
dral 2-3 symmetry with four 4.5 nm pore openings in
its shell [36]. The EMD of the A. fulgidus apoferritin
24-mer and 48-mer is 13.1 nm and 17.1 nm, respectively.
Reflective of the similar molecular weight of the A.
fulgidus apoferritin monomer (20,187 Da), the EMD of
Figure 4. ESI-GEMMA spectra of equine holo
from Archaeoglobus fulgidus (c). The 3-D structure
A. fulgidus apo-ferritin are shown in (d) and (f
complexation of two 24-mer complexes merging
Structure figures were created using WebLab Vie
(1IER, 1S3Q).the tetraeicosamer is in the same size range comparedwith that of equine apoferritin (Figure 4c). However,
reflective of solution behavior in relatively low ionic
strength solution, there is a higher concentration of the
40 kDa dimer (2M) in the A. fulgidus apoferritin sample
solution [36]. The ESI mass spectrum shows similarly
the relative stability of the A. fulgidus apoferritin dimer
(Figure 5), although the multiply charged molecules for
the intact 480 kDa 24-mer are of lower relative abun-
dance compared with the dimer. The particle detection
tin (a), equine apo-ferritin (b), and apo-ferritin
he 24-mer complexes of equine apo-ferritin and
pectively. The representation of the gas-phase
orm the 48-mer dimer complex is shown in (e).
with the coordinates from the Protein Data Bank-ferri
s of t
), res
to f
werefficiency of the GEMMA instrument increases with
1212 KADDIS ET AL. J Am Soc Mass Spectrom 2007, 18, 1206–1216EMD [7]. In addition, likely the multiply charged pro-
tein complex molecules are highly susceptible to gas-
phase fragmentation processes in the mass spectrome-
ter, thus reducing the likelihood for measuring the
intact, multiply charged complex by MS compared with
their singly charged molecule by GEMMA.
Do Protein Complexes Collapse Upon Introduction
to the Gas Phase?
It is known that structured water plays a role in the
folded state of many proteins. Moreover, it has been
proposed that evaporation of water in the vicinity of
hydrophobic polymer chains such as proteins may
provide the driving force for collapse in folding, reflect-
ing the squeezing-out of water molecules [37]. Whether
gas-phase measurements of large protein assemblies
subsequently dehydrated can show evidence for a col-
lapse in protein structure or, more simply, a compaction
of protein size, remains a question.
Upon evaporation, hydrophobic interactions would
have little meaning in a solventless environment.
Within the protein, water molecules reside in the cavi-
ties while polar side chains extend into the solvent,
maximizing intermolecular interactions [15]. Water
molecules bridge hydrogen bonds and can fill the deep
clefts and internal cavities of proteins to stabilize native
conformation. In the absence of water and low charge,
the particle is predicted to collapse such that short
range intramolecular interactions such as van der Waals
interactions and hydrogen bonds would be the predom-
inant forces dictating the structure of the protein or
protein complex [15]. In addition, the volumes of amino
acids determined from gas-phase peptides by Clemmer
and colleagues are 5 to 20% smaller than that of protein
cores in solution [38]. Thus, although there is evidence
to suggest that the anhydrous form of a protein may
Figure 5. ESI-QqTOF mass spectrum of A. fulgidus ferritin. The
peaks labeled with the filled circles represent the 2M ferritin
complex, and the higher order intact 24-mer ferritin complex is
found at higher m/z (inset).retain a degree of memory of its solution state, mostlikely its secondary structure [39], the overall physical
dimensions of the gas-phase molecule may be smaller
upon dehydration.
For the ferritin protein complexes (Figure 4), al-
though the diameters based on their crystal structures
associated with and without iron are approximately the
same (12.0 nm), the association of the complex with the
inner mineral core appears to influence the gas-phase
electrophoretic mobility of the molecule. This may
demonstrate the ability of the iron core to prevent the
ferritin complex from collapsing fully in the gas phase.
As depicted in Figure 4e, the gas-phase dimerization
of the 24 subunit complex (i.e., 48-mer) may be repre-
sented by the coalescence of two small spheres into a
collapsed larger sphere (Figure 4e, top path), or each
tetraeicosamer may join as two separate small spheres
(Figure 4e, bottom path) [40]. Based on their measured
EMDs for the 24-mer and the 48-mer complexes, the
ratio of the volume of the 48-mer to the volume of the
tetraeicosamer for holo-ferritin (2.45) is larger than 2
and is slightly higher than that of apo-ferritin (2.25).
This suggests that the associating tetraeicosamers may
retain their structures with the mineral core, preventing
complete collapse.
Cowpea chlorotic mottle virus, (CCMV) 4.6 MDa [41]
is a member of the Bromoviridae family bromovirus group
of plant viruses. The capsid is composed of 180 chem-
ically identical 19.8 kDa subunits (190 amino acids each)
arranged with a T  3 icosahedral quasisymmetry. The
CCMV quaternary crystal structure displays protruding
32 capsomeres, 12 pentameric, and 20 hexameric mor-
phological units. The whole shell of CCMV (Figure 6b)
has a diameter of 286 Å with a 142 Å maximum radius
at the pentamers and a 120 Å minimum radius at the
2-fold symmetry axes. The average radius of the interior
is 142 Å at the pentamers with a minimum radii of 95 Å
at the icosahedral 3-fold symmetry axes [42]. Four
positive sense single-stranded viral RNAs are encapsu-
lated into three morphologically similar virus particles.
RNA1 (3171 nucleotides) and RNA2 (2774 nucleotides)
are packaged in separate virions. RNA3 (2173 nucleo-
tides) and RNA4 (824 nucleotides) are packaged to-
gether into a third virus particle [43].
Consistent with previous work studying viruses
using ESI-GEMMA and indicative of a collapsing com-
plex upon desolvation [13, 29], the diameters measured
are 10% less than its X-ray crystal structures dimen-
sions. The EMD of CCMV introduced to the gas phase
from 20 mM ammonium acetate was measured to be
25.4 nm (Figure 6a). Unlike the ferritin examples, the
electrophoretic mobility diameter of CCMV is more
reflective of the overall physical size of the complex
rather than the molecular weight. The effective density
(	) of 0.89 g/cc for the complex is relatively large
compared with that of the other protein and protein
complexes studied by our laboratory. This may be due
to a difference in density between the encapsulated
RNA and proteins. RNA may be packed more densely
in the gas phase as it does in crystals and in solution.
theBased on crystal structure calculations, the partial spe-
cific volume of RNA is 0.569 mL/g, while it is 0.728
mL/g for proteins. Based on experimental data, the
partial specific volume for RNA is 0.540 mL/g [44]. This
is due to the higher number of atoms in an RNA residue
versus that of a protein residue [45].
Similarly Sized 9 MDa Vault Proteins Can Be
Differentiated by Their EMD Measurements
Vaults are highly conserved ribonucleoprotein particles
found in eukaryotes that are proposed to be involved in
nuclear cytoplasmic transport. Vaults can be assembled
from recombinant MVP alone [46]. Evidence indicates
that 48 MVP subunits form the top half of the vault and
48 subunits form the bottom half of the vault, and
cryoelectron microscopy (cryo-EM) and single particle
reconstruction methods show that the N-termini of the
96 MVP subunits meet at the midsection [47]. In an
effort to improve the purification process of the vaults
and to learn more about their structure, a series of
recombinant MVP variants were designed with various
tags on the N-terminus. These included variations of a
12-residue cysteine tag (CP). MVP vaults are particles
composed only of a 97 kDa (sequence determined)
recombinant major vault protein. Assuming that each of
these vault particles is composed of 96 copies of this
monomer, the molecular weight of the entire CP-MVP
vault complex is proposed to be 9.4 MDa. Also, an MVP
protein was expressed that had no tag (NT) with the
sequence of the rat MVP. Figures 7 and 8 show ESI-
GEMMA spectra of vaults composed of NT-MVP and
CP-MVP. The major peak represents the EMD of the
singly charged NT-MVP vaults at 36.1 nm (9.3 MDa)
and CP-MVP vaults at 37.5 nm (9.4 MDa). Half-vaults
(ca. 4.6 MDa) and vault aggregates have also been
observed by transmission electron microscopy [16, 46,
47]. Multiply charged vaults (2, 3, 4) were identi-
fied by examination of the corresponding mobility
values for each of the peaks according to eq 1. The
Figure 6. The ESI-GEMMA spectrum of the 4.6
(a), and its corresponding structure (b) (y-axis i
using WebLab Viewer with the coordinates fromelectrophoretic mobility, ZEM, of a multiply chargedparticle differs from the electrophoretic mobility of the
singly charged particle by a factor equal to the charge,
n, on the multiply charged particle (i.e., the mobility of
2, 3, and 4 charged CP-MVP vaults are, within
experimental error, two, three, and four times the
mobility of their singly charged counterpart, respec-
tively). This relationship would only be observed if all
ions exhibit the same EMD. Thus, it does not appear
that the multiply charged MVP vaults represented in
Figure 7 exist as a more unfolded structure compared
with their singly charged counterparts. This is consis-
tent with work from the Jarrold, Clemmer, and Robin-
son laboratories that protein and protein complexes at
relatively low charge states retain their native-like size
and structure [4, 14, 15]. However, the utility of the
DMA for the observation of unfolding induced by
Coulomb repulsion has been previously demonstrated
by de la Mora and coworkers on much smaller sized
PEG ions at charge states 
 5 [28].
Other recombinant MVP variants designed with var-
ious tag lengths at the N-terminus include vsvg-MVP
14-residue tag, the His T7 (HT7) 31-residue tag, and the
green fluorescent protein (GL) 239-residue tag. As for
NT-, CP-MVP vaults, HT7- and GL-MVP vaults were
expressed and assembled from the MVP subunit only.
Vaults assembled from vsvg-MVP were coexpressed
with only TEP1 or TEP1 and VPARP proteins. The
GEMMA measurements of this series of recombinant
vaults with similar outer dimensions are listed in Table
1, and Figure 8 shows representative overlaid GEMMA
spectra of five variant vault complexes. (The masses of
the MVP monomers were determined by MALDI-TOF-
MS. The expected molecular masses of the MVP-only
vaults were determined by multiplying the molecular
mass of the MVP monomer by 96, the number of MVP
subunits per vault.)
Although the overall physical dimensions are sim-
ilar, the 9 MDa vault variants can be differentiated by
their gas-phase EMD (Figure 8). As determined by
cryo-EM, CP-MVP vaults are 737 Å long and 410 Å
CCMV (cowpea chlorotic mottle virus) complex
ticle Counts). The structure figure was created
Protein Data Bank (1CWP).MDa
s Par
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1214 KADDIS ET AL. J Am Soc Mass Spectrom 2007, 18, 1206–1216that an increase in the overall molecular mass of the
vaults leads to an increase in the vault EMD. How-
ever, likely compression of the vault complexes oc-
curs upon transition to the gas phase, as the mea-
sured EMD values range from 36 nm to 42.7 nm.
Removal of water from the protein complexes may
result in an overall shrinkage of the complex because
the contacts between the protein subunits may
shrink. However, this concept will need further val-
idation by examination of a larger number of differ-
ent-sized protein assemblies.
Conclusions
There is a general correlation between molecular
mass and electrophoretic mobility observed for most
protein and protein complexes, ranging in mass from
3 kDa to 12 MDa, studied by ESI-GEMMA. Very large
Figure 7. ESI-GEMMA spectra of CP-MVP (a) a
is composed of 96 copies of the MVP subunit. M
in the inset figures.
Figure 8. ESI-GEMMA spectra (left) of five vau
shows the model of how 96 copies of the MVP
subunits are arranged in each of the top and bottomprotein complexes held together by weak noncova-
lent forces survive the electrospray and downstream
desolvation processes for their subsequent measure-
ment by mass spectrometry and ion mobility. The
differences in overall shape and density amongst the
mostly globular proteins studied are small in com-
parison with the resolution of the instrument. How-
ever, with increasing numbers of subunits and size,
the overall topology and cavity size of protein com-
plexes may vary considerably. These differences in
overall shape and density of the complexes can be
detected by GEMMA as demonstrated by our studies
on ferritin, CCMV, and 9 MDa vaults. Also from this
data, we hypothesize that upon desolvation, protein
complexes collapse but features of the overall struc-
ture are preserved. Future work will address the
effect of shape on the measured electrophoretic mo-
bility of large protein assemblies.
T-MVP (b) vault complexes. Each vault complex
ly charged molecules of the vaults are indicated
plexes listed in Table 1. The picture on the right
unit assemble to form the vault shell; 48 MVPnd N
ultiplt com
subshells.
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